Drinking water intake of arsenic (As) from private wells may represent a significant exposure pathway and induce oxidative DNA damage. We measured total As concentrations in hair and nails, and concentrations of the different species of As and its metabolites as well as 8-OHdG in urine of 110 non-smoking adults living in a rural region of the Province of Quebec, Canada. Significant differences in exposure biomarker levels were observed between individuals consuming drinking water with As levels ofr1.0,41.0 -r10 and410 mg/l. Multivariate linear regression analysis also showed a significant relationship between estimated daily drinking water intakes of As and biomarker levels. Conversely, 8-OHdG levels were not significantly related to daily drinking water intakes of As or to hair, nail or urinary exposure biomarker levels, according to multivariate linear regression analysis. Even at the relatively low levels of As found in well water of our participants, water consumption significantly increases their body load of As, as confirmed by multiple matrix measurements, which reflected exposure over different time frames. However, this increased internal As dose was not associated with higher oxidative damage to DNA as reflected by urinary 8-OHdG levels.
INTRODUCTION
Epidemiological studies have shown that exposure to drinking water contaminated with inorganic arsenic (As) can lead to an excess of cardiovascular diseases, skin disorders 1 and to the development of cancers of the skin, urinary tract, lung, kidney and other internal organs. [1] [2] [3] [4] [5] [6] [7] Although the International Agency for Research on Cancer has classified As as a human carcinogen (Group 1), 8, 9 its carcinogenic mode of action is not fully elucidated. Available scientific data do not allow establishing a clear threshold exposure level below which cancer risk would be negligible. By default, the U.S. EPA 10 has used a linear approach to determine cancer risk at low As doses, although the dose-response relationship may not be linear. 7 Although food is usually considered the main source of exposure to As in the general population, the contribution of drinking water may become predominant in areas with high As concentrations in groundwater given the natural hydrogeological conditions. [3] [4] [5] On the other hand, exposure by inhalation and skin contact is not considered to be significant. 11 Thus, Health Canada, 11 the US Environmental Protection Agency 10 and the World Health Organization 12 have all adopted a guideline or a standard of 10 mg/l for public drinking water supplies, based mainly on removal efficiency of municipal-and residential-scale treatment. However, as this level is not enforceable for private wells in Canada, which are usually located in rural areas, the population of these areas may be exposed to As levels exceeding this value. To date, few studies have assessed the contribution of low-level As exposure through drinking water to the overall internal dose of As.
Levels of As and its metabolites in urine, and levels of As in hair and nails have been used as biomarkers of As exposure. Urinary As is generally considered the most reliable biomarkers for monitoring recent exposure. 13 Ingested inorganic As is eliminated in urine within 1-3 days following exposure, in the form of arsenate (As þ 5 ), arsenite (As þ 3 ), pentavalent monomethylarsinic acid (MMA V ), dimethylarsinic acid (DMA V ), as well as the trivalent monomethylarsinous acid (MMA III ) and dimethylarsinous acid (DMA III ). 7 Arsenobetaine, an organic arsenical that is rapidly excreted unchanged in urine following ingestion of certain seafood, can also increase considerably the concentration of total As in urine; that increase would invalidate total urinary As as an indicator of exposure to inorganic As. 1 Therefore, the sum of As þ 5 , As þ 3 , MMA and DMA species in urine is considered the biomarker of choice for assessing recent exposure to inorganic As. Levels in human hair and nails are also frequently used to assess past exposure to As.
14 Because toenails are less prone to exogenous contamination, they constitute a more appropriate biological matrix for assessing exposure to As than fingernails or hair. 15, 16 The average growth rate of scalp hair is B1.0 cm per month, 17, 18 with a range of 0.6-3.36 cm/month. 17 Thus, As concentrations in a 1.0-cm strand cut from the scalp should reflect average As exposure over the previous month. Compared with hair, toenails represent exposure in a more distant past, because they take longer to grow out (on average 1 cm/month or 0.33 mm/day for hair versus 0.03-0.05 mm/day for toenails). 19 Thus, toenail clippings should reflect an integrated exposure that occurred 12-18 months prior to sample collection. 20 Oxidative stress resulting from an increase in free oxygen radicals has been recognized as a key step in the pathogenic sequence of As-induced carcinogenesis. 21, 22 Oxidative stress adversely affects cell functions and damages deoxyribonucleic acid (DNA). 23 8-Hydroxy-2'-deoxyguanosine (8-OHdG) is a sensitive marker of DNA damage resulting from hydroxyl radical attack at the C8 guanine moiety of DNA. 24 Previous studies have reported that chronic consumption of drinking water containing 4100 mg/l was associated with higher levels of 8-OHdG in urine. 25, 26 Overall, the majority of studies on biomarkers of exposure and health effects in individuals exposed to As have focused on levels of drinking water As exceeding 50 mg/l. Furthermore, in the Canadian population, there is a paucity of data on the relationship between chronic exposure of individuals to lower As concentrations in drinking water and levels of biomarkers of exposure and early effects.
For this reason, the main objectives of this biomonitoring study were to assess the impact of groundwater consumption in adults from a rural region of the Province of Quebec, Canada, on (1) the internal dose of As, assessed by measurements of As species and metabolites in multiple biological matrices, and (2) the oxidative DNA damage as reflected by urinary levels of 8-OHdG.
MATERIALS AND METHODS

Study Population
The population under study consisted of subjects living in Chaudiè reAppalaches, a rural region of the Province of Quebec, Canada. Natural hydrogeological conditions can lead to high As concentrations in groundwater in this region. 27 
Recruitment of Subjects
The study was approved by the Research Ethics Committee of the Faculty of Medicine of the University of Montreal and all participants gave their written consent.
Residents with As concentrations in their private wells previously evaluated to be above 25 mg/l 28 were systematically contacted as less than 50 private wells had As water concentrations higher than 25 mg/l. Residents with As concentration in well water previously identified as being below 10 mg/l, 28 and located within a 1 km radius of residences with well water concentrations of As above 25 mg/l, were randomly contacted, as more than 100 private wells were identified. In addition, residents living in two municipalities where residences were known to be supplied with private well water (Sainte-Claire and Saint-Lambert de Lauzon, but of initially unknown As levels) were randomly selected and contacted.
A list of map coordinates (latitude, longitude) indicating the geographic location of the private wells was used. We obtained by reverse geocoding civic addresses corresponding to map coordinates. Potential participants were contacted by telephone to check for their eligibility and interest in participating. Recruitment of people living in the municipalities of SainteClaire and Saint-Lambert de Lauzon was made from a list of civic addresses obtained from local authorities. Phone numbers of all participants were obtained from Canada 411 website.
Recruitment was limited to non-smoking adults of both genders aged between 18 and 65 years whose houses were supplied with water from private wells and who were drinking that water. Individuals equipped with a residential drinking water treatment device known to reduce As concentrations were excluded from the study along with people exposed to As at work or consuming homeopathic drugs or herbal dietary supplements known to contain As. Individuals residing in their house for less than 2 months or away from their home for more than a week during the 2 months prior to recruitment, pregnant women and individuals with liver or kidney pathologies or with cancer were also excluded from the study. Up to two adults were recruited per civic address.
Data Collection
Following telephone recruiting, a field nurse visited each participant during the course of winter 2008 to (i) explain the details of the biological monitoring protocol, (ii) obtain written consent to participate in the study, (iii) collect samples of hair and drinking water, (iv) supply the necessary materials for the collection of toenails and urine and (v) explain how to complete the self-administered questionnaires.
Drinking Water Sample Collection
Drinking water was collected from the primary source of water used for drinking or cooking, after a pipe purge of one minute. Acid-washed 125 ml Nalgene polyethylene bottles (0.5% nitric acid) were used for this purpose. Samples were kept on ice during transit to the lab on the day of sample collection.
Hair Sample Collection
A full strand of hair was collected from the nape of the neck as near as possible to the scalp using stainless steel scissors. Immediately after collection, hair samples were stapled on cardboard, and placed in sealed plastic bags. On the same day, the samples were stored in the laboratory at room temperature until cleaning for analysis.
Toenail Sample Collection
Participants collected their toenail clippings using the provided stainless steel clippers. Participants were asked to remove nail polish and to collect nail clippings from all toes after bathing or showering. Big toenails were separated from other toenails and were stored at room temperature in two different sealed plastic bags. The toenail samples were picked upon the same day as the urine samples and were stored in the laboratory at room temperature.
Urine Sample Collection
Each participant was asked to provide all complete urine voided over an approximate 12-h period starting from 1800 hours until the next morning, including the first void upon waking up. Participants collected their urine in 1500 ml polypropylene Nalgene bottles that were kept in the home refrigerator between each urinary void (combined urine voids). Within approximately 12 h after the completion of the collection period, refrigerated samples were picked up by our staff and brought on ice to the laboratory.
Dietary and Lifestyle Habits Data
During the 2 days prior to urine collection, participants were asked to complete two standardized self-administered questionnaires: a dietary questionnaire documenting intake of food known to contain high concentrations of As as well as water consumption, and a questionnaire to document lifestyle habits including the three type of wells (i.e. artesian well, shallow well and drive point).
For the dietary questionnaire, over the 2 days preceding sample collection, participants were asked to report whether they had eaten foods, which are known to contain high concentrations of As and, if so, how many portions. These foods included fish, shellfish, seaweed, sushi, mushrooms, rice, chicken and foods cooked in water (e.g. pasta, soup and cereals). Additionally, participants answered detailed questions on consumption patterns of water from their well and other source of consumption (e.g. bottled water). Specifically, participants were asked to specify how many portions of beverages made with tap water they consumed and if those amounts were representative of their usual consumption. The two-day dietary questionnaire is based on the rapid excretion of ingested As, that is, more than half of an ingested dose has been reported to be excreted within 2 days in human experiments. 29 Furthermore, participants were asked if they had consumed, during the 2 days preceding urine collection, iron, selenium, zinc, calcium or any other dietary supplements, single or multiple vitamin supplements and homeopathic drugs containing As.
For the questionnaire on lifestyle habits and information on the well, participants were asked information on second-hand smoke exposure, on consumption of alcoholic beverages, on activities which lead to an exposure to As (e.g. taxidermy), and if their hair was curled or colored.
Treatment of Samples and Laboratory Analysis
Treatment and analysis of drinking water samples. Upon arrival at the laboratory, water samples were acidified with 100 ml of 10% nitric acid (HNO 3 ) and kept at À 20 1C until analysis. Water samples were thawed at room temperature and diluted with a 5% nitric acid solution. The resulting mixture was directly analyzed by inductively coupled plasma mass spectrometry for total As (ICP-MS; Elan 6000, Perkin-Elmer). Matrixmatched calibration was performed using purified water. Three certified reference materials (National Institute of Standards and Technology (NIST) 1640, Ultra Scientific ICM 240 and EnviroMAT EP-L-2) were used for quality assurance/quality control purposes. The limit of detection of the method was 0.02 mg/l. Between-day coefficient of variation was 6.8% for a QC sample containing 0.4 mg As/l.
Treatment and analysis of toenail and hair samples. Each hair sample was cut to a length of 2 cm closest to the scalp, which represents about the last 2 months of As exposure prior to sampling. External contamination was removed from hair and toenail clipping samples by immersing samples three times in 5 ml of a 0.5% Triton X-100 solution and shaking for 30 s. Samples were then rinsed three times with Milli-Q water and then twice with acetone. Following rinsing, samples were dried overnight at room temperature and weighted. Except for the big toenails, all toenails from an individual were pooled to ensure sufficient mass for analysis.
Total As concentrations in toenail and hair samples were determined by instrumental neutron activation analysis as described by Kennedy 30 and Foster et al. 31 The analytical limits of detection for total As in toenails and hair were respectively 0.010 mg/g and 0.006 mg/g. Quality assurance was achieved by analyzing samples prepared from certified plasma emission standard solutions of As purchased from EM Science, USA and Caledon, USA. Aliquots of these As solutions were dried on filter paper and analyzed along with the hair and toenail samples. The precision of the measured As concentration was determined to be 5% of the measured concentration or 0.003 mg/g, whichever was higher. The bias was determined to be less than 3% of the measured As concentration and, for samples with low As concentrations, the bias was maintained below 0.003 mg/g by visual inspection of the fit of the As-76 peak at 559 keV and the nearby possibly interfering peaks of Br and Sb in the gamma-ray spectrum.
Treatment and analysis of urine samples. Upon arrival at the laboratory, urine volumes were measured and 11 ml of urine were aliquoted. To the 11 ml urine aliquot for the determination of As and its metabolites was added 150 ml of a 13.3% diethylammonium diethyldithiocarbamate (Sigma-Aldrich, Oakville, ON, Canada) aqueous solution to prevent oxidation of MMA III and DMA III . The urine aliquots were stored frozen at À 80 1C in polypropylene tubes until analysis.
Analysis of As species (iAs þ 3 and iAs þ 5 , MMA III , MMA V , DMA III , DMA V , arsenobetaine (AsB), and arsenocholine (AsCh)) in urine was performed at the Department of Laboratory Medicine and Pathology of the University of Alberta. Urine samples were shipped on dry ice and stored at À 80 1C prior to treatment and analysis by high performance liquid chromatography with inductively coupled plasma mass spectrometry according to the method described by Le et al. 32 The analytical limit of detection was 0.05 mg/l for all analytes. Urinary concentrations were corrected for creatinine concentrations, which were determined by the Jaffé method. 33 Urinary 8-OHdG levels in urine samples were determined using the HT 8-oxo-dG ELISA kit from Trevigen (Gaithersburg, MD, USA). The limit of detection was 0.94 ng/ml. Data were corrected for urinary creatinine concentration.
Data Analysis
Estimation of the external doses of As. An estimated daily water As intake was calculated based on measured concentrations of As in drinking water and reported water consumption rate during the 2 days prior to sampling. We also estimated daily intake of As from food using reported consumption rate of known As-rich food during the 2 days prior to sampling and published concentrations for these food items mainly in the Canadian market. 34, 35 Statistical analysis. Normality of distributions was tested with the ShapiroWilk test. Distributions of most biological concentrations were neither normal nor log-normal when considering exposure sub-groups but reached near log-normality when considering whole sampled group. Descriptive statistics for biomarker measurements include median and min-max values. Concentrations below the limit of detection (LOD) of the analytical method were replaced by a value equal to half of the LOD. Participants with over diluted urine (creatinine concentrationo30 mg/dl) (n ¼ 3) or over concentrated urine (4300 mg/dl) (n ¼ 1) were excluded from the analysis. 36, 37 As a first step, individuals were classified into three exposure groups according to the concentration of As measured in tap water samples collected from the primary source of drinking water identified during our first visit in participating residences. The first group included subjects with As concentrations in their tap water greater than the guideline of 10 mg/l (n ¼ 21). The second group was composed of participants with As concentrations in their tap water between41.0 andr10 mg/l (n ¼ 34) whereas the third group comprised individuals with As concentrations in tap waterr1.0 mg/l (n ¼ 55). Comparison of biological levels between exposure groups was then performed using the Kruskall-Wallis test. Pearson correlations were also carried out to test correlations among biomarkers (on log-transformed data) and Spearman correlations were used to assess associations between biomarkers and daily food intakes of As.
As a second step, multivariate linear regression analyses were conducted to test the relationship between drinking water intake and biomarker levels in the whole sampled group (where near log-normal distribution was reached), while controlling for possible confounding factors. The independent variable was daily water intake (mg/day). The dependent variables were log-transformed values of urinary biomarkers (iAs
, arsenobetaine (AsB), or 8-OHdG in mg/l), or of total As in big toenails, other toenails or hair (in mg/g). Considered potential confounders were age (continuous or in three categories), gender, second-hand smoke (dichotomous: yes/no), alcohol consumption during the last month (yes/ no), educational level (elementary and high school, college, university), estimated dietary intake of As (mg/day) during the 2 days prior to sampling, hair dying (for hair biomarkers). Participants did not report consumption of supplements or homeopathic drugs containing As. Urinary creatinine concentration was also included in all urinary biomarker models. Prior to multivariate analyses, bivariate analyses were conducted to evaluate associations between potentially confounding factors and biomarkers. Factors associated with a P-valueo0.30 were first selected. Then, the factor with the weakest P-value was inserted in the multivariate linear regression model and was kept if it caused the beta coefficient of the relation between water intake of As and the biomarkers to vary by more than 10%. The same procedure was applied for all factors initially selected. Final multivariate models were checked for multicollinearity problems and for normality of residuals.
With the same approach, multivariate linear regression analyses were also conducted to test the relationship between 8-OHdG levels and exposure biomarker levels in the whole sampled group (on log-transformed values), while controlling for possible confounding factors and urinary creatinine concentrations. The SAS software version 9.0 of the SAS system for Windows (SAS Institute, NC, USA) and SPSS/PC Plus 14.0 software (SPSS, Chicago, USA) were used to perform statistical analyses. The statistical significance level for the multivariate analysis was set at Pr0.05.
RESULTS
Population Characteristics
A total of 659 residences were contacted. Of those contacted individuals, 40% (n ¼ 266) were interested in participating, but 59% of interested individuals (n ¼ 156) were not considered eligible. The majority of exclusions were related to the use of a residential drinking water treatment device (n ¼ 42), age (n ¼ 31), no consumption of the well water (n ¼ 30), smoking (n ¼ 19) and a water supply from a public distribution system (n ¼ 16). Thus, a total of 110 subjects participated in the study. Table 1 provides sociodemographic characteristics of participants stratified according to their As levels in well water. As concentrations in drinking water ranged from undetectable (o0.02 mg/l) to 140 mg/l, with seven samples (6%) below the analytical limit of detection. Median concentrations of total As for participants in the r1.0 mg/l, 41.0-r10 mg/l and 410 mg/l exposure groups (n ¼ 55, 34 and 21, respectively) were 0.13, 2.7 and 36 mg/l, respectively, with ranges of o0.02-0.88, 1.0-9.8 and 11-140 mg/l, respectively. No significant differences between groups were observed for the majority of the documented characteristics. However, significant differences between exposure groups were observed for the duration of residence and the type of well. More specifically, participants with As concentrations in their drinking water410 mg/l were all supplied with an artesian well and had lived in their residence for a longer time period than the other participants. In contrast, half of the participants drinking water containingr1 mg/l of As were supplied with water from a shallow well. Table 2 provides urinary levels of As species and metabolites (uncorrected and creatinine corrected) according to the three exposure groups, as defined from well water concentrations. Significant differences between the three groups were noted for concentrations of iAs
Biomarker Levels in Relation to Water Concentration Groups
, DMA V , the sum of As species and total As, but not for AsB and 8-OHdG levels. DMA V metabolite was the predominant form of As in urine (representing 58% of the sum of urinary metabolites), followed by MMA V (16%), iAs þ 3 (14%) and iAs þ 5 (12%). Arsenocholine, MMA III and DMA
III
were not detected in any sample. Significant differences in total As concentrations in big toenails, other toenails and hair were also observed between the three exposure groups (Table 3) . Similar concentrations were found in big toenails and other toenails, and they were generally greater than hair values (Table 3) .
Biomarkers levels and correlations with food intake of As A correlation was noted between estimated daily food intake of As and urinary AsB (r s ¼ 0.200, P ¼ 0.036) as well as urinary DMA (r s ¼ 0.321, P ¼ 0.001) and the sum of four As species in urine (r s ¼ 0.256, P ¼ 0.007). In contrast, no correlation was found between estimated food intake of As and total As in toenails and hair (r s between 0.014 and 0.072, P40.46), as well as 8-OHdG (r s ¼ 0.028, P ¼ 0.774).
Intercorrelations Among Exposure Biomarkers
When considering all exposure groups combined, concentrations of total As in big toenails were strongly correlated with those of other toenails (r ¼ 0.878, Po0.001). Total As concentrations in toenails were moderately correlated with hair concentrations (r ¼ 0.594, Po0.001 for big toenails and r ¼ 0.619, Po0.001 for other toenails) and to the sum of four As species in urine (r ¼ 0.610, Po0.001 for big toenails and r ¼ 0.604, Po0.001 for other toenails).
Multivariate Linear Regression Analysis of Relations Between Drinking Water As Intake and Biomarker Levels
When considering all exposure groups combined, significant relationships were observed between the estimated daily intake of As from drinking water and total As in toenails (big toenails and other toenails) and hair as well as total or the sum of As species in urine, after accounting potential confounders (Table 4) . Daily drinking water intake of As was also related with the excretion of all individual urinary biomarkers, except AsB (as expected) and 8-OHdG (Table 4) .
Multivariate Linear Regression Analysis of Relations Between Exposure Biomarkers and 8-OHdG
Multiple linear regression analysis did not reveal any association between log-transformed values of 8-OHdG and those of exposure biomarkers (total As in hair and nails, iAs þ 3 , iAs and AsB values in urine) (P40.05; data not shown). Creatinine concentrations (for urinary measurements), age, gender and estimated dietary intake of As were included in the models. The other considered confounders did not contribute significantly.
DISCUSSION
This study documented the contribution of drinking well water at levels found in certain groups of the general population of the Province of Quebec (Canada) to the overall internal exposure of The difference between the exposure groups was evaluated by the Kruskall-Wallis test.
As. Daily As intake from drinking water was estimated by measuring concentrations in drinking water and estimating consumption rates using a validated dietary questionnaire. Multiple biological matrix measurements were used for a more accurate assessment of internal exposure and known potential confounders such as dietary intake, age, gender, smoke, educational levels were accounted for in this study. It also assessed if this source of exposure contributed to significantly increased levels of 8-OHdG, again while accounting for potential confounders. Results showed that As exposure through drinking water over the o0.02-140 mg/l range found in well water consistently caused a significant increase in hair, nail and urinary biomarkers of As exposure. A significant difference in exposure biomarker levels was also observed between the three As exposure groups, but the relatively small sample size did not allow establishing at what As water concentration a significant increase in exposure biomarker levels was observed. Furthermore, levels of 8-OHdG were not related to either daily drinking water intakes of As or to hair, nail or urinary exposure biomarker levels. Current findings are in line with the results from previous studies, but with an assessment of exposure biomarker levels in a more limited number of matrices and correlations with water concentrations in general rather than drinking water intake. [38] [39] [40] [41] [42] [43] [44] [45] On the basis of toenail measurements among New Hampshire subjects exposed to 1.0 mg/l As or higher from public water and private wells, Karagas et al. 39 found that water concentrations of As was a significant determinant of toenail concentrations of total As, after adjusting for potential confounding factors (n ¼ 208 subjects with both water and nail measurements). These results corroborate simple regression analysis results of a pilot study published earlier by the same team 38 showing a significant correlation between toenail and well water concentrations of total As in 21 New Hampshire individuals exposed to As in drinking water at values ranging from undetectable to 137 mg/l (r s ¼ 0.67). In this latter study, toenail levels of total As ranged from Table 2 . Urinary levels of As and its metabolites (unadjusted and creatinine-adjusted) as well as 8-OHdG according the three exposure groups.
Species
Urinary concentrations of As and its metabolites according to exposure groups Unadjusted (mg/l) Adjusted (mg/g creatinine) Total As represents the sum of As species and includes AsB as well as other unidentified forms of As species such as AsCh.
c Difference in biomarker levels between exposure groups was determined using the Kruskal-Wallis test. The difference was considered significant at Po0.05.
0.073-2.25 mg/g. On the basis of hair and toenail measurements, Hinwood et al. 45 further showed that total As concentrations in hair and toenail samples (n ¼ 209 and 73, respectively) of Australian residents living in rural areas were positively and significantly correlated with As concentrations in drinking water, according to Spearman correlation analysis (r s ¼ 0.49 and 0.55, respectively, with a water concentration range of 3.5-73.0 mg/l); drinking water concentrations was also found to be a strong predictor of hair and nail concentrations according to randomeffects linear regression analysis, accounting for age, gender, time spent outdoors and soil concentrations.
Similarly, Slotnick et al. 40 found that water concentrations was a significant predictor of toenail concentrations of total As in 162 Southeastern Michigan residents who drank water containing As levels ranging fromo0.02-99.3 mg/l, according to multiple regression models accounting for age, gender, current smoking status and body mass index. Similar results were obtained when considering estimated drinking water intake of As as a predictor variable instead of water concentrations (n ¼ 160 for this estimate). Using data from controls of a case-control study in bladder cancer patients in Michigan, Slotnick et al. 41 also found a positive correlation between As concentrations of drinking water and toenail samples; according to their study, no demographic characteristics or general measures of dietary intake affected the biomarker response. When looking at urinary measurements using again data from a case-control study in bladder cancer patients in Michigan (n ¼ up to 339), Rivera-Nuñ ez et al. 44 found a positive relation between estimated intake of As from drinking water and the sum of urinary As species, according to multiple regression models accounting for age, gender, smoking status and body mass index. Their findings along with our results are in agreement with prior urinary biomarker results of Meza et al. 46 showing a positive significant correlation between estimated daily intake of As from drinking water and the sum of As species (As 3 þ , As 5 þ , MMA and DMA) by simple regression analysis in 43 residents from the Yaqui Valley, Sonora, Mexico with As levels in water ranging from 3.30-49.26 mg/l (r ¼ 0.496).
In our study, total As concentrations in the various biological matrices were significantly intercorrelated (big toenails, other toenails, hair, urine), which is interesting given that they reflect As exposure over different time frames. Highest correlations were however found between big toenails and other toenails. Furthermore, participants lived in their current residence at least 1 year, the usual length of time it takes for a toenail to grow out. Some studies using nail clippings distinguished big toenails from other toenails 47, 48 but current results tend to indicate that there is no need to separate big toenails from other toenails to characterize As exposure.
In line with previous findings, the current study also confirmed the usefulness of speciation and consideration of chemical form of As to assess absorbed doses of As. For instance, Caldwell et al. 49 showed that total urinary As values could increase to several thousands of mg/l after seafood ingestion, 49 but this was related to the ingestion of the organic forms, AsB and AsCh, rather than inorganic As or the formation of its MMA and DMA metabolites. In our work, intake of As from drinking water showed good associations with exposure biomarker levels in both skin appendages and urine but dietary intake of As was only associated with urinary levels of AsB, DMA V and the Table 4 . Multivariate linear regression analysis of associations between estimated daily drinking water intake of As (mg/day) and concentrations of As and its metabolites in urine, toe nails and hair as well as urinary 8-OHdG levels in the whole studied group. Daily drinking water intake of As ¼ measured concentrations of As in drinking water Â daily water consumption rate during the 2 days prior to sampling, as documented by questionnaire.
Biological matrix Biomarkers
c For hair and nail measurements, adjusted for age, second-hand smoke, gender and hair dying (for hair measurements in the latter case). For urinary measurements, adjusted for creatinine in all models, age and second-hand smoke in most models, and in some cases also for gender, alcohol consumption, educational level and estimated dietary intake of As. The other potential confounders did not contribute significantly to the models. d P 4 As species is the sum of iAs (not hair and nails 51, 52 In our study, because samples were stored in the home refrigerator for several hours and then frozen ( À 20 1C) for several weeks, MMA III and DMA III species were likely oxidized. Orloff et al.
14 mentioned that urine samples should ideally be flash frozen to prevent the oxidation of As þ 3 species, but this was not feasible in the present setting.
With regard to 8-OHdG analysis, no significant associations were found with estimated daily drinking water intake of As, or hair, nail or urinary exposure biomarker levels, after controlling for potential confounders. In general, significant increases in urinary 8-OHdG levels have been reported for individuals with drinking water As concentrations greater than 100 mg/l. In particular, in a study evaluating the relationship between As exposure and DNA damage in patients with chronic As poisoning, exposure to As concentrations in drinking water of 130 ± 200 mg/l was associated with an average level of 18.6 ng 8-OHdG/mg creatinine in urine. 25 At As concentrations as low as in our study, Burgess et al. 53 did not observe any significant association between water As exposure (concentration below 40 mg/l in drinking water) and urinary 8-OHdG levels.
Fujino et al. 26 found that duration of exposure to As in drinking water was significantly associated with increases in 8-OHdG. Concentrations of 8-OHdG in subjects who had been drinking well water for more than 12 years were significantly higher than those of subjects who had been drinking well water for less than 12 years. The authors mentioned that these results should be interpreted carefully, as duration of exposure is correlated with age, which is itself known to affect the level of 8-OHdG. 26 Different factors can modify the association between As exposure and DNA oxidation and repair as measured using urinary 8-OHdG. Certain diseases, such as diabetes and atherosclerosis 53, 54 as well as extreme exercise, 55 are associated with high urinary 8-OHdG concentrations. Although important determinants of oxidative stress such as age, gender and smoke exposure were assessed and controlled in the present study, other factors such as some diseases and exercise were not documented by questionnaire. Furthermore, only a crude estimation of dietary intake of As was derived based on reported consumption rates of known As-rich foods and of reported As concentrations in those foods and sample size was relatively small for an assessment of biomarkers of effects. This could constitute a limitation of the current study.
In conclusion, our results suggest that the consumption of drinking water with As concentrations in the range of values found in private wells of the Province of Quebec significantly increased the absorbed dose of As. Our study also showed that As concentrations in urine, toenails and hair of individuals were positively correlated with the estimated daily drinking water intake of As. Measurements of As in these matrices can be viewed as valuable biomarkers of recent or past exposure to As. On the other hand, measurements of 8-OHdG did not provide any significant indication of potential early toxic effects of As exposure at the studied levels.
